BACKGROUND: New high-performance liquid chromatography/tandem mass spectrometry (LC-MS/MS) methods are among the most successful approaches to improve specificity problems inherent in many immunoassays.
program is very informative. The majority of laboratories participating in this program employ IA methods, each using a different antibody. For each method, CAP calculates the method mean, so it is possible to divide the mean value of the method giving the highest mean by the mean value of the method giving the lowest mean. Table 1 summarizes the IA results for one of the CAP challenges for 2008. For this particular challenge, laboratories using the method giving the highest results differed from those using the procedure giving the lowest results by a factor of 2.8, 9.0, and 3.3 for testosterone, estradiol, and progesterone, respectively.
This example illustrates vividly the magnitude of the IA problem, due to many factors, including lack of specificity of antibodies purported to measure a particular steroid. This poor IA performance for steroid measurement encompasses more than just the 3 steroids shown in Table 1 and is true for all steroids measured in the CAP PT program. This contrasts with the good IA performance for the measurement of drugs such as phenytoin, phenobarbital, carbamazepine, etc., where the mean values for drugs in the CAP PT program for different IAs are almost identical. Stanczyk et al. (22 ) also state that lack of standardization of steroid hormone assays is a major deficiency in epidemiologic studies. In postmenopausal women, the reported concentrations of estradiol are highly variable, with normal values differing by a factor of approximately 6 (22 ) . This supports the CAP PT data reported above.
In contrast, Table 2 shows results for those laboratories using MS/MS for steroid measurement. The high/low ratio is much better, ranging from 1.0 to 1.4. It must be stated, however, that for testosterone, estradiol, and progesterone the number of laboratories reporting results by tandem mass spectrometry is small (9, 2, and 3, respectively, in this recent survey). This could partially account for the apparently superior performance of MS compared to IA. It also raises the question of whether all laboratories using MS/MS are complying with reporting their tandem mass spectrometry data in the CAP PT program.
FACTORS MERITING CONSIDERATION FOR MS/MS

MEASUREMENT OF STEROIDS
Derivatization vs nonderivatization. This is currently an important issue, with advocates on both sides. Derivatization proponents claim that both enhanced limit of quantification and specificity can be achieved by adopting this approach. This is questionable, however; derivatization has its disadvantages, which include decreased precision due to the added derivatization steps (extraction, derivatization at an extreme of pH). Accuracy could be compromised as well through the possible hydrolysis of conjugates, which would clearly affect the accuracy of the assay by giving falsely increased results. An example of such a problem could occur with estradiol conjugates, which on hydrolysis would yield estradiol. While serving on the CAP PT committee, we compared the values obtained for testosterone, progesterone, and estradiol in 3 leading laboratories using tandem mass spectrometry. Although excellent agreement was found for testosterone and progesterone, the laboratories using derivatization at an extreme of pH for estradiol measurement had results approximately 10%-20% higher than the laboratory that avoided derivatization. Derivatization methods are also lengthy and therefore more time-consuming. Over the past 15 years, the detection limits with modern mass spectrometers have improved greatly and have made the derivatization of analytes unnecessary. For this reason, we have been able to avoid derivatization approaches for the measurement of steroids (17) (18) (19) .
Type of ionization. Electrospray ionization (ESI) in the negative mode yields the best results for the estrogens (estradiol, estriol, E1, and 16-OHE1) (18 ) . The method used, which avoids derivatization, has a lower limit of detection (LOD) of 1-2 pg/mL for all 4 estrogens when run on the API-5000 tandem mass spectrometer (Applied Biosystems). Total sample requirement is only 0.2 mL, and total chromatography time for each estrogen profile is 8 min. The use of C-8 analytical columns (Supelco LC-8-DB; 3.3 by 3.0 mm, 3 m particle size) is preferred over C-18 columns, as they markedly reduce retention times of the analytes in question. Our experience, and that of others (14, 18, 22 ) , has shown that IAs for estrogens have problems at low estrogen concentrations (Ͻ80 pg/mL), frequently reporting falsely increased results.
For DHEA, DHEAS, androstenedione, testosterone, progesterone, cortisol, 11-deoxycortisol, corticosterone, and aldosterone, we have found that atmospheric pressure photoionization (APPI) has potential advantages over ESI or APCI (atmospheric pressure chemical ionization) in that it is a soft ionization source that effectively ionizes these steroids fairly selectively, leading to cleaner chromatograms. Alary (23 ) compared APPI-MS/MS with APCI for the measurement of steroids in biological matrices and reported that the signal obtained using the APPI source was 3-10 times more intense than that obtained employing the APCI source. In our APPI method (19 ) , the sample size is 0.2 mL serum or plasma. After protein precipitation with acetonitrile containing the deuterated internal standards, the solution is vortex-mixed and centrifuged, and the supernatant is injected directly onto a C-8 column, as with the estrogen profile assay. The column is washed with buffer, the switching valve is activated, and steroids are eluted into the tandem mass spectrometer using a methanol gradient. The total chromatography time for the steroid profile assay is 11 min. The LOD varies from 1.5 to 10.0 pg/mL depending on the analyte (19 ) . Whereas ion suppression has limited the usefulness of many MS/MS methods, it is a rare Multiple circumstances in which steroid profiles have been employed.
Congenital adrenal hyperplasia (CAH)
is an inborn error of steroid biosynthesis. CAH is a group of inherited diseases caused by defective activity of 1 of 5 enzymes in the adrenal cortex. The defective enzyme leads to decreased production of cortisol (causing an increased corticotropin) and excess production of hormones proximal to the defect. The 2 most common forms of CAH are caused by either 21-hydroxylase deficiency (defect in the P450c21 enzyme) or 11-␤-hydroxylase deficiency (defect in P450c11 enzyme). Individuals with CAH due to 11-or 21-hydroxylase enzyme deficiency cannot produce adequate amounts of cortisol and, in some cases, are also aldosterone deficient. These hormones are essential in glucose metabolism and sodium reabsorption. Untreated CAH can lead to sudden adrenal insufficiency, with dehydration, shock, and even death. Steroids that have been recommended for the assessment of CAH are cortisol, androstenedione, and 17-hydroxyprogesterone (24 -26 ) . At Children's National Medical Center, we routinely use a broad 11-steroid profile to improve the specificity of screening for CAH caused by either 21-hydroxylase or 11-hydroxylase deficiencies (19 ) . Routine newborn screening for congenital adrenal hyperplasia suffers from a high rate of false-positive and false-negative results when using an IA to measure 17-OH progesterone concentrations, especially in critically ill newborns and preterm neonates. Therefore, immediate reanalysis of all IA results above the cutoff using LC-MS/MS can allow a clear distinction of affected and nonaffected newborns (24, 26 ) .
2. The evaluation of adrenal insufficiency is historically recommended by measuring cortisol at 0, 30, and 60 min after an adrenocorticotropic hormone (ACTH) stimulation test (27) (28) (29) . We have improved the diagnostic reliability of this approach by measuring the 3 steroids aldosterone, cortisol, and most importantly, 11-deoxycortisol at 0, 30, and 60 min. Including aldosterone in the profile allows the differentiation of primary from secondary adrenal insufficiency. In primary adrenal insufficiency, no aldosterone response is observed, whereas an adequate response is found in secondary adrenal insufficiency (30 ) . The concentration of 11-deoxycortisol increases 15-to 20-fold in controls after an ACTH stimulation test, which compares to an approximately 3-fold increase for the more traditionally measured analyte cortisol. Our study demonstrated greater diagnostic accuracy if these 3 steroids were measured instead of measuring only cortisol (30 ). 3. We have also assessed the role of steroid profiles in patients with chronic prostatitis/chronic pelvic pain syndrome. Our results suggest reduced activity of CYP21A2 (P450c21), which is the 21-hydroxylase enzyme that converts progesterone to 11-desoxycorticosterone and 17-hydroxyprogesterone to 11-deoxycortisol (31 ) (Fig. 1) . 4. We assessed whether steroid profiles provided insight into the reasons for premature adrenarche and infants with genital hair. In both these groups, the concentrations of testosterone, androstenedione, DHEA, and DHEAS were somewhat higher than in agematched controls (32 ) . We have also assessed the reference intervals for these steroids during pregnancy and 1 year postpartum using isotope dilution tandem mass spectrometry (33 ). 5. Sera from active smokers, passive smokers, and nonsmokers have been analyzed for 15 steroid hormones and thyroid hormones to examine the associations between smoke exposure and hormone concentrations (34, 35 ) . Although we do not know whether the blood concentrations of the hormones reflect changes that parallel physiological variation in steroid hormone concentrations, the assumption is that differences reflect associations with tobacco smoke exposure. 6. LC-MS/MS after solid-phase extraction has been used in lipidomic profiling of some female steroid hormones in human urine, and can be potentially applied clinically and to metabolomic research (36 ). 7. Diabetes strongly affects neuroactive steroids in the nervous system. LC-MS/MS assessment of the concentrations of neuroactive steroids provides a basis for new therapeutic tools based on neuroactive steroids aimed at counteracting diabetic neuropathy (37 ). 8. Even in trace amounts, estrogens such as E2, E1, estriol, and 17␣-ethinyl estradiol may have adverse effects on humans and the aquatic ecosystem. It is there-fore essential to be able to reliably determine trace amounts (at environmentally relevant concentrations) of steroid estrogens in water. Using LC-MS/MS, it is now possible to detect these chemicals in small samples of water at concentrations as low as 0.04 ng/L (38 -41 ) . 9. Finally, steroid profiling has been used to assess changes in adrenal steroids before and after a 56-km ultramarathon race (42 ) . Concentrations of the mineralocorticoids corticosterone and aldosterone increased significantly, as did concentrations of the glucocorticoids cortisol, 11-deoxycortisol, and 17-OH progesterone and the adrenal steroids DHEA, DHEAS, and androstenedione (P Ͻ 0.0001 for all).
Some future areas for research include the assessment of the role of neurosteroids in epilepsy, particularly in pubertal girls in whom a marked increase in seizure activity has been found (43) (44) (45) , and analysis of androgens in males, patients with benign prostatic hyperplasia, and prostate cancer (46, 47 ) .
In conclusion, LC-MS/MS now affords the specificity, imprecision, and limits of quantification necessary for the reliable measurement of steroids in human fluids, thereby enhancing diagnostic capabilities, particularly when steroid profiles are available. Major advantages of tandem mass spectrometry include small sample size, the simultaneous measurement of many analytes, and enhanced specificity compared to IA methods. Mass spectrometric methods are still fairly labor intensive, and certainly require a higher level of laboratory expertise than do IA platforms. Occasional interferences when using mass spectrometric methods have been described, such as prednisolone/prednisone metabolite interference in urinary free cortisol measurements (48 ) . It should be noted that currently reimbursement for steroid profile testing is not yet approved by Medicare (with the exception of the CAH steroid profile), nor are steroid profiles ordered frequently by clinicians. This could well change as steroid hormone profiling becomes more appreciated in the years ahead. Although mass spectrometric assays are not always more precise than IAs, they are more specific for measuring the analyte of interest. By omitting extraction and derivatization steps, the steroid tandem mass spectrometric procedures described here have good intrarun and interrun imprecision (18, 19 ) . Drug interference has been tested and found not to be a problem for the steroid and estrogen profiles reported in this review (18, 19 ) . These two methods are also relatively free of ion suppression.
